Most vertebral body implants that are currently designed and produced in batches have difficulty meeting the patientspecific demands. Moreover, several complications, including a low fusion rate, subsidence occurrence, and rod displacement, are associated with these implants. This study aims to investigate the effects of patient-specific geometric and clinical parameters on the biomechanics of a vertebral body replacement. A three-dimensional patient-specific vertebral body replacement model was established as the basic model for parametric studies, including the anatomic design of the endplates, tilting angle, thickness, and dislocation of the vertebral body implant. A finite element analysis was applied to determine the stress distribution of the vertebral body implant when under various loading conditions. The model with an anatomical interfacing design generates 75% less stress concentration compared to a flat design; the peak stress of the model with a tilted angle closely matching the replaced vertebra segment is decreased by 30%; and the thickness close to the cortical bone can offer better bone growth capability and long-term stability. Patient-specific geometrical parameters were found to significantly affect the biomechanics of a vertebral body replacement, and therefore, a design customized especially for the endplates is necessary for better stability and long-term longevity of the prostheses. Regardless of such progress, how to balance the stability of a vertebral body implant and the safety of the peripheral nervous system remains a clinical challenge.
Introduction
A vertebral body (VB) replacement has been widely accepted for the reconstruction of the spinal support and movement functions for tumour or trauma patients and have shown very high success rates, although certain complications including a subsidence of the vertebral body implant (VBI) due to a lack of permanent fixation to the adjacent tissues still remain. 1 According to a recent clinical report, the failure rate of titanium alloy in a VBI can reach up to 44%. 2 Moreover, the three-and four-month actuarial rates for developing a cage subsidence have been found to be 63.4% and 70.7%, respectively. 3 In general, the failure of cage subsidence occurred to the upper vertebrae about 42% and to the lower vertebrae about 50%. 4 The cause of such complications is mainly a mismatch of the VBI to the residual vertebral tissue associated with the stress concentration and loosening. Current commercially available VBIs are produced in batches and show a series of similar patterns with hard-to-fit patient-specific 1 geometrical characteristics such as the height, tilting angle, and surface curvature at both ends. 5 Therefore, the customized design of the prosthesis has become necessary, 6 and with the development of three-dimensional (3D) printing manufacturing technology, it is now feasible to manufacture a prototype with a complex geometry and multi-material properties. 1, 7 To solve the problems of cage subsidence and bone fusion in a VB replacement, the finite element method (FEM) has been widely acknowledged in biomechanical studies on the spine or implant designs [8] [9] [10] because of the advantages of a hypothetical scenario evaluation over a clinical evaluation or mechanical testing. The performances of VB replacements were evaluated based on the range of motion of the fusion segments and the stress distribution of the natural VB and implant. In particular, a smaller range of motion was believed to lead in better stability of the system. 11 Experimental works have been carried out in vitro to validate the FEM and analyse the mechanical behaviour of an implant. 12 Previous studies have provided a good methodology for the design of a VBI. Nevertheless, due to the differences in anatomic structure for a natural VB, the influence of various parameters of interbody fusion cages or VBIs on the biomechanical performance has received more attention, including the spatial dimensions of the cervical ring cage, 13 and the interbody device shape and size.
14 Clinically, cage subsidence results from numerous factors, and few studies have been conducted to systematically analyse the different effects of patient-specific implant features. 7 In addition, several studies 1, 11, 15 have pointed out that customized VBIs, designed with consideration of the morphology of the vertebrae and the subject-specific Young's modulus distribution, have been proved to effectively minimize the stress shielding and improve the bone graft fusion. However, such designs have brought about certain challenges to surgeons because of the need for perfect implantation techniques, 16 because any misalignment might result in damage to the peripheral ligaments or muscles. Consequently, the aim of design should be to improve the biomechanical performance through an implementation of patient-specific factors and at the same time to minimize the dependence of the design success on the surgical techniques applied. Therefore, the personalized parameters for the design of VBI were investigated, including the morphology and topology of the end surfaces, the tilting angle, and the wall thickness of the VBI.
Materials and methods
To investigate the effects of the above-mentioned patient-specific parameters on the biomechanical performance of a VB replacement system with respect to achieving anti-subsidence and long-term stability. Patient-specific models for a VB replacement were built in situ using a VBI, which was designed according to the specific parameters. A finite element analysis was implemented for all of the models to predict the stress distribution in the VBI, as well as the bone grafting, and quantitative studies were carried out for comparison purposes.
Model of a VB replacement
A model of a VB replacement, based on a real-world clinical scenario, is composed of a natural VB, a designed VBI, and a fixed screw system. A 3D solid model of a VB (L1-L3) was reconstructed from computed tomography (CT) images of a patient using Mimics (Version 16.0, Materialise, Inc., Leuven, Belgium) and smoothed using Geomagic software (Version 2012, Geomagic, Inc., North Carolina, USA), and the whole geometry was then imported into SolidWorks (Versions 2014, Dassault Systemes, Massachusetts, USA), where a portion of the L2 body simulating a diseased area was cut under the instructions of a surgeon. The fixed screw system includes two screws (ø5 3 38 mm) inserted into the middle of the L1 and L3 bodies, respectively, both of which were joined together with a single rod (ø4.5 mm). The model of the VBI was constructed using Mimics, and its dimensions were determined based on the reconstructed model of the VB of a patient. The cross-section had a kidney-like shape as suggested by the surgeon, and the area was set to 30%-40% of the area of the connected endplates for better bone integration. 17, 18 The implant was designed as a hollow tube for bone-grafting purposes. The complete model was assembled using SolidWorks, as shown in Figure 1 .
The components of each model were meshed using Hypermesh (Version 12.0, Altair Engineering, Inc., USA) and imported into Abaqus (Version 6.14, Abaqus, Inc., USA) for a finite element analysis. To achieve a natural VB, the cancellous part was meshed using a tetrahedron element (C3D4), the cortical part and the cartilage were meshed using a triangular prism element (C4D6), and the rest of the artificial VB and bone graft were meshed using a tetrahedron element. For stability, the relative ligaments were all integrated into the model using nonlinear springs to define the tension-only and incompressible behaviours. 19, 20 Overall, 425,377 elements were included for a complete VB replacement model. The material properties are summarized in Table 1 . 20, 21 An interaction property, 'Tie', was applied to define the entire contact surface with the exception of the facet joint. Considering the function of the cartilage, the contact property among the facet joints of the different spinal segments was set to frictionless. All ligaments were represented by a nonlinear spring and built using reference-point coupling according to the anatomic position, mean length, and cross-section. The remaining materials were assumed to be homogeneous, isotropic, and linear elastic. The inferior endplate surface of L3 was constrained within all degrees of freedom. Four loading conditions were applied: standing, flexion, lateral bending (LB), and axial rotation. The corresponding loading magnitudes are summarized in Table 2 . 22 Simulations were then carried out to analyse the stress and strain distributions within the VB, and the interfaces.
Parametrical studies
In this study, as shown in Figure 2 , the key geometrical features and clinical parameters mainly include the morphology of the end surface, the wall thickness, the tilting angle, and the implant position and were investigated using the FEM. Due to the morphology of the end surface for the VBI, which significantly affects the load delivery and stress distribution, two models with one flat and one anatomical surfaces at both ends were analysed. Because a larger implant thickness will reduce the volume of the bone graft, whereas a smaller thickness will decrease the strength of the prosthesis, a wall thickness of 2-3 mm is usually applied to a commercial VBI. 23 In this study, five models with five levels of wall thickness between 2 and 4 mm were considered at 0.5 mm intervals. Due to the convex forward state of the natural lumbar segments, the influence of the physiological curvature should be taken into account in the VBI design. The tilting angle g was used to represent the physiological curvature of the lumbar in the sagittal plane and was defined as the projection of the angle between the global vertical axis and a line passing through the centres of both the L1 and L3 endplates, also in the sagittal plane. Statistical data 24 show that the tilting angle normally falls within the range of 0°-9°for the L2 segment in the human spine; therefore, four designs of g to cover the span of 0°-9°a t 3°intervals were set up for the present study; therefore, four models of various tilting angles were generated. For safety reasons, the VB is normally positioned in the central region rather than at a posterior location to avoid further damage to the peripheral nerve system. To better understand the effects of implant positions, five models corresponding to four locations of the VB were generated, that is, at 3 mm from the central axis of the L2 medially, laterally, anteriorly, and posteriorly. In total, 16 models were created and studied.
FEM was applied to analyse the influences of the above-mentioned parameters on the stress distribution of the VBI, its adjacent endplates, and the bone graft. Subsequently, the predicted stresses, strain, and percentage of contact area (P eca ) were employed to determine the characteristics of the implant subsidence and bone ingrowth. A mesh sensitivity study was carried out by employing various element sizes of 0.75, 1, and 1.5 mm and less than 5% difference was predicted in terms of the maximum Mises stress within the fusion body as well as the range of motion (Figure 3(a) ); therefore, 1 mm was selected as the universal size of the element throughout this study. Moreover, the range of motion of 1°-3°w hen under various daily activities was also predicted and compared with the values from the literature 12 for validation purposes (Figure 3(b) ). The results indicated that compared to a natural VB, the replacement offers less range of motion for all activities, particularly for LB.
Results
Simulation results for the surface designs under four loading conditions are summarized in Figure 4 . The results indicate that the maximum von Mises stresses reach up to 71 MPa for a flat-surface design and 34 MPa for an anatomical design, both of which occur when under flexion/extension. For the endplates of L1 (only lower endplate of L1 was considered in this study), the maximum von Mises stress was predicted to be above 130 MPa when under flexion for a flat-surface design and 90 MPa for an anatomical design under extension. For the endplates of L3 (only upper endplate of L3 was considered in this study), the maximum von Mises stress was predicted to be 76 MPa when under LB for a flat-surface design and 99 MPa for an anatomical design when under extension. The simulation results for various thickness designs are shown in Figure 5 . The results indicate that an extension motion exerted the maximum stress, whereas a standing motion is correlated with the minimum stress on both the VBI and bone graft. In addition, the predicted von Mises stress in the implant reached the maximum value for a 4 mm wall thickness, whereas the stresses exerted on the bone graft reached the minimum.
The simulation results for various tilting angles are shown in Figures 6 and 7 . A marked discrepancy between the tilting angles can be observed for forward bending and LB to the right. Under forward bending, tilting angles of 0°and 9°were predicted to generate maximum von Mises stresses that were approximately 20% higher than those for tilting angles of 3°and 6°. For LB to the right, a tilting angle of 0°was predicted to generate maximum von Mises stresses that were approximately 30% higher than those for tilting angles of 3°, 6°, and 9°. For the remaining loading conditions, no significant differences were observed between the various tilting angle designs. The contour of the stress distribution in Figure 7 indicates that a tilting angle of 6°provides the largest effective contact area of a bone graft. The simulation results of the implant position (Figures 8 and 9) show that for both the VBI and bone graft, the posterior position offered the lowest predicted maximum stress, and the neutral position offered the second smallest value compared to other positioning scenarios. This difference between the posterior and lateral dislocation scenarios could reach 40%.
Discussion
Comparable results to those studied here can be achieved from the literature. 11, 19, 25, 26 Various VBI designs were considered in terms of flat and anatomical cross-sections, various tilting angles, different wall thicknesses, and implant positions, aiming at ranking the effects of such parameters to optimize the design and processing of tailor-made implants. According to the literature, 27 stress ranging between 0.8 and 3 MPa is believed to stimulate bone-in-growth of the implant. Moreover, cage subsidence is usually defined as a migration of 52 mm into the adjacent VB. 3, 28 It was found that the range of motion of the VB was restricted and reduced by about 60% compared to the original spine 12 because the three adjacent vertebral bodies were almost joined together as a whole. When under various gaits and the associated loading conditions, such as standing up, LB, flexion/extension, and axial rotation, the stresses predicted for the VBI, endplates, and bone graft vary. The smallest stresses were predicted for standing up, while the largest stresses were predicted for flexion/extension motion, which indicates that flexion/extension is the critical motion demanding more strength and stability for the design of VB. Moreover, there is discrepancy between the stresses predicted for models under left or right lateral motion, which was because of the single-sided fixation system on the left of the VB replacement. The motion of LB to the right was found to generate 20%-40% more stresses compared to that of the LB to the left, and the difference varies with the change of wall thickness; however, this asymmetry characteristics of fixation system was found to have little effect on the stresses generated by motions of axial rotation clockwise or anticlockwise. Additionally, consistent results can be drawn in the predicted range of motion.
Compared with an existing flat-surface design, an anatomical design offers 45% more effective contact, with a higher uniform stress distribution and less stress concentration. This indicates that an anatomical design can offer better performance of the VBI in terms of reducing the possibility of VBI subsidence in the long run. And this is attributed to better topological fitting at the interfacing surfaces between the implant and endplates. Whatsoever, like the coin has two sides, the anatomical surface design of VBI can also cause large stress concentration if the implant is not positioned properly; therefore, the anatomical design of VBI is very demanding in terms of surgical technique, which obviously hindered its application. 7 The tilting angle between the central axis and the sagittal plane is subject-specific for an individual VB. The results indicate that the tilting angle does have a markedly effect on the stress on a VB, especially for the extension motion, and models with 0°or 9°tilt were found to generate maximum stresses nearly 40% higher than in a 6°tilted model. Moreover, the 6°tilted model was found to generate the largest contact area of the bone graft, which indicates better bone growth potential and better strength of the VB. The explanation for this is that the 6°tilted model has a tilting angle close to the anatomical tilting angle of the replaced VB, which was 6.8°according to a clinical image. This makes the anatomical tilting angle an important design parameter.
The VB replacement has been designed in tubular shape for hosting allogenic or autogenic bone tissue inside of it to achieve long-term stability. Therefore, the effects of the thickness of the replacement need to be investigated in terms of the stresses generated on both the VBI and the bone graft. This is because both bodies are bearing load during service of the implant; however, the larger stress the VBI bears, the less stress is exerted to the bone graft, which is believed to cause stress shielding and bone loosening in long term. 29, 30 Compared with the surface fitting and tilting angle, the wall thickness did not show a significant effect on the stress distribution of the VBI or bone graft. Among the models with series of thicknesses values being investigated in this study, the model with a thickness of 2.5 mm was found to generate the largest value of the peak stresses on the VBI, which indicates a larger possibility of implant subsidence in long-term effect. 28 Therefore, the model with a thickness value of 4 mm offering the smallest peak stresses for the bone graft was believed to benefit more to bone growth at both endplates after the implantation.
The effect of dislocation distance away from the neutral axis along four coordinate axial directions was investigated. There is no marked differences observed between the models of various implant positions with respect to the stress distribution predicted on the VBI. When the stresses generated in the bone graft are examined, the posteriorly dislocated model was found to exert the most evenly distributed stresses compared to the other types of dislocation models, including the neutral model. In general, the capability of achieving anti-subsidence of a VB replacement can be evaluated based on the stress distributions on the two endplates L1 and L3 interfacing with the VBI, 31, 32 particularly the lower interface of L3 because it bears more weight than the upper interface. 33 Therefore, the results indicate that posteriorly positioning of the VBI might lead to the best anti-subsidence capability, 15 which can be seen from the lowest and most evenly distributed stresses at the endplate L3, and from the large contact area on the bone graft associated with a better bone graft sacralization. 18, 27, 34 However, it could be challenging to push the posterior of the VBI due to the risk of damage to the nervous tissue.
Limitation of the model developed in this study was mainly the lack of experimental validation, to compare the effective stresses and its distribution with those predicted in this study would make this study more convincible and representative. Moreover, only one natural human vertebral model was studied, which did not have an impact in general perspective; whatsoever, the main purposes of this study were to find out the trends of varied contact mechanics along with the parametrical variation. Additionally, the model developed has been simplified especially for the material properties of the natural vertebrae and endplates, which in reality were not isotropic or homogeneous, while within the permit of accuracy.
Conclusion
Overall, among all the designing features of the VBI, the surface configuration shows the maximum effect on the stress distribution within the VBI, bone graft and both endplates, followed by the effect of the tilting angle, which made the two factors critically important for the design of VBI in terms of strength and stability of the implant. In addition, the wall thickness plays a marked role in the performance of subsidence prevention in the long run. Moreover, surgeons might be advised to position the VBI towards more posteriorly for better stability but with increasing risk of damaging the spinal cord.
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